Cleaning and disinfection (C&D) of poultry houses is an essential aspect in farm hygiene management. Adequate performance of the different steps of a C&D protocol and the use of suitable products are key to prevent and control zoonoses and animal diseases. Hygiene monitoring on total aerobic flora through sampling with agar contact plates at different locations of the poultry house results in a hygienogram score that is used to evaluate the proper execution of C&D.
INTRODUCTION
Cleaning and disinfection (C&D) of poultry houses is essential to manage farm hygiene in many parts of the world. Adequate performance of the different steps of the C&D protocol between production rounds and the use of suitable products are key factors to prevent zoonoses (van de Giessen et al., 1998) and animal diseases. In the Belgian poultry production, the proper execution of C&D protocols is officially C 2017 Poultry Science Association Inc. Received July 2, 2017. Accepted October 11, 2017. 1 Corresponding author: Koen.DeReu@ilvo.vlaanderen.be controlled through hygiene monitoring with so-called hygienograms by determining the total aerobic (bacterial) count (TAC) with agar contact plates (ACP). Hygienograms are taken according to standardized sampling schedules on regular occasions by an official body, such as Animal Health Care Flanders (DGZ) or the herd veterinarian. The number of aerobic bacteria remaining after C&D for each sampling point corresponds with a hygiene score. The arithmetic mean of these hygiene scores results in a hygienogram score and reflects the efficacy of the applied C&D protocol. When this result is not within the prescribed limits, measures should be taken according to predefined specifications. Currently, C&D is well established in poultry housing, although the Vangroenweghe et al. (2009) evaluated 2 C&D protocols on 6 Flemish pig farms using ACP. In the latter study, TAC was determined as well as a hygienogram scoring system. However, to our knowledge, no studies have been published on the analysis of factors influencing the quality and efficacy of the applied C&D protocols in poultry houses, as assessed by the obtained hygienogram scores.
Therefore, the aim of the present study was to evaluate the relationships between the applied C&D protocols and the obtained hygienogram scores after C&D of poultry houses, and to identify factors that affect hygienogram scores. Based on these results, advices for improvements are formulated.
MATERIALS AND METHODS

Hygienogram Scores and Related Data
In order to quantitatively estimate the hygienic status of poultry houses in Belgium, hygiene monitoring after C&D between 2 production rounds was performed by an official body (e.g., DGZ) or by the veterinarian through standard sampling schedules on regular occasions.
From 1998 until 2013, sampling for hygienograms after C&D was legally obliged at poultry houses according to the health qualification and production type. In general, for breeding and laying houses, samples were to be taken before each new flock, while for broiler houses, sampling should be performed every 3 production rounds with a minimum of once a yr (Royal Decree Belgium 08/10/1998, Ministerial Decree Belgium 08/19/1998).
From 2013, there is no longer a legal requirement to take a routine hygienogram at poultry houses (broilers, laying hens, and breeding poultry) with the exception of a Salmonella-positive flock. Only members of the Belgian quality system "Belplume" (www.belplume.be) are obliged to take a hygienogram every 3 production rounds, with a yearly minimum of 2 hygienograms per stable for broilers and each production round for laying hens. Members of "IKB," an international quality system for the entire poultry meat sector, have to take a minimum of once a yr a hygienogram per broiler stable and every 2 production rounds for laying hens.
Hygienogram scores and related data obtained in Flanders during the period 2007 to 2014 from all abovementioned cases were analyzed.
Sampling Plan and Sample Type
Hygiene monitoring was performed 24 to 72 h after disinfection of the poultry house by impressing surfaces with replicate organism detection and counting (RO-DAC) plates containing plate count agar (PCA) for 15 seconds. The agar also contained a neutralizing solution (RODAC, P309.16.0017.025) to neutralize the residual action of the disinfectants on the microbiological growth. Different sampling points were sampled one to 6 times, depending on the type of housing and capacity of the farm (Table 1 ). In total, 23 RODAC samples were collected per stable. Samples were transported under cooled conditions to the laboratory on the same day.
Information List
With every hygiene monitoring, an information list regarding sampler, production type, husbandry system, use of a C&D product, disinfection time and temperature, and disinfection responsible was filled out by the sampler through questioning of the farmer (Table 2) .
Sampling Processing
On arrival in the laboratory, RODAC plates were incubated upside down at 37 ± 1
• C for 18 to 24 h followed by enumeration of the TAC. Plates overgrown by molds were considered "improper" and not suitable for further analysis. To each TAC value a hygiene score between 0 and 5 was assigned (Table 3) , corresponding with very good and very bad, respectively. Based on the 23 hygiene scores for each sampling point, the final hygienogram score was calculated as the arithmetic mean.
Data Processing
A database (Excel, Microsoft Office 2007) was created to manage the data derived from the information list and hygienogram scores, resulting in a dataset of 20,551 independent observations. Sampling dates were categorized into their respective seasons, and the active components of each disinfectant were retrieved by verifying the material safety data sheets (MSDS) and were inserted into the database. Active components were formaldehyde (F), chlorine (C), peracetic acid (PA), hydrogen peroxide (H 2 O 2 ), quaternary ammonium component (QAC), and glutaraldehyde (GA). Most common combinations of active components were selected, and other combinations or less specified active components were put together as "other." Accord- ing to the number of disinfectants used during C&D, an extra variable, "disinfection protocol," was added to the database representing disinfection protocols using one or ≥2 disinfectants. Data with questionable values higher than 72 h and 40
• C for disinfection time and temperature, respectively, were deleted, since these were assumed to be incorrect. A check for duplicates was performed. Finally, data were exported for statistical analysis, as mentioned in the next paragraph.
Descriptive and Statistical Analysis of The Data
Disinfection time and temperature, as well as yr were considered as continuous independent variables. All others (season, cleaning product, disinfection product, main active components of disinfection product, disinfection protocol, disinfection responsible, husbandry system, sampler, and production type) were treated as categorical.
In order to detect the effect of each independent C&D variable on the dependent variable (hygienogram score), first, a univariable linear regression model was performed for each variable. Variables with a P-value ≤0.2 were added to the multivariable linear regression model. Before performing the multivariable analysis, the correlation between the retained independent variables was assessed by means of Spearman's correlation coefficient. Whenever the correlation coefficient was above 0.6, only one out of the 2 variables was retained.
After identifying the significant variables in the multivariable model (P ≤ 0.05), biologically relevant 2-way interactions among the remaining main effects were tested using the Statistical Analysis System software (SAS R , version 9.4, SAS Institute Inc., Cary, NC). Finally, post-hoc analysis with Scheffe's test was carried out and considered to be significant at P ≤ 0.05.
RESULTS
Data Processing
From 2007 until 2014, hygienograms were taken by DGZ or the veterinarian and processed by DGZ. From the dataset of 20,551 independent observations, 54 duplicates, 75 errors, and 563 incorrect values regarding disinfection time and temperature were removed. Moreover, there where 120 observations in which apparently no disinfection product was used. These observations also were deleted, resulting in a dataset of 19,739 independent observations.
Descriptive Results and Associations
Descriptive values for the different categorical independent variables are listed in Table 4 . In Table 5 , results of the univariable and multivariable linear regression model are shown. Significant differences (P < 0.001) were found between the average hygienogram score and yr, showing a decreasing trend over the years 2007 to 2014, with a maximum in 2008 (1.00) and a minimum in 2014 (0.69).
Season was also significantly associated (P < 0.001) with the hygienogram score, with better scores observed in summer and autumn (0.78 and 0.75, respectively) as compared to winter and spring (0.87 and 0.86, respectively).
Significantly better scores were found for cleaning protocols with a cleaning product (0.77) compared to protocols without a cleaning product (0.86) (P < 0.001). An increasing use was found from 34% in 2007 to 65% in 2014 (Figure 1 ), which may be one of the reasons for the decreasing hygienogram score over the years. Nevertheless, for both cleaning protocols (with or without a cleaning product), a decreasing trend from 2007 to 2014 was shown (Figure 2 ). Significant differences in scores among certain active components of the disinfectants were found (P < 0.001). Disinfection protocols using a combination of H 2 O 2 and PA or plain F gave the lowest scores (both 0.77), while the highest results were obtained with C (0.98) as the active component.
The most frequently applied disinfection product was a combination of F, GA, and QAC (CID 20 R ; CID LINES, Ieper, Belgium) (n = 4082), followed by plain F (Brenntag NV, Deerlijk, Belgium) (n = 4089), a combination of GA and QAC (MS Megades B R ; Schippers, Arendonk, Belgium) (n = 1908), and a combination of GA and QAC (Virocid R , CID LINES) (n = 2465), representing a score of 0.80, 0.77, 0.84, and 0.93, respectively (data not shown). When evaluating the significant interaction cleaning product * main components, results indicated that a lower score was obtained when a QAC-F-GA combined disinfectant was applied after a cleaning product in comparison to no cleaning product. For the other disinfectants, there were no differences, whether a cleaning product was used or not.
Further, the use of ≥2 disinfectants resulted in a significant (P < 0.001) better score (0.68) compared to disinfection protocols consisting of one disinfection product (0.83), especially when F was used as the second disinfectant. However, it was not specified if the disinfectants were used in one disinfection step or not.
A significant association was found between disinfection time and the hygienogram score, with longer disinfection times (= a postponed ventilation after disinfection) resulting in better scores.
A comparably significant (P < 0.001) association was found with disinfection temperature in which higher temperatures resulted in better scores. Regarding the significant interaction disinfection temperature * main components, especially disinfection with "other" was positively influenced by temperature, whereas this effect was less pronounced for the other main components.
Disinfection carried out by a specialist contractor resulted in a significantly (P < 0.001) lower score (0.73) compared to disinfection done by the farmer (0.85). The latter was found to be most positively associated with hygienogram score.
Differences were found among the types of husbandry systems, with the barn and aviary system having a significantly lower score (0.62) compared to floor housing, furnished cage, and battery (0.85, 0.86, and 0.97, respectively) (P < 0.001). The barn and aviary system was found to be most strongly negatively associated with the hygienogram score, and the scores in this type of system were especially lower in cases in which "F", "other," and "QAC-GA" were used as main disinfectant components (main components * husbandry system). Sampling performed by DGZ resulted in a significantly (P < 0.001) higher score. The significant interaction husbandry system * disinfection responsible showed that, especially for floor houses, significantly lower scores were obtained when the C&D was performed by a specialist contractor compared to the farmer. For the other husbandry systems, this difference was less pronounced.
As a final variable, production type was found to be associated with hygienogram score. Scores of production housings for eggs and meat (0.89 and 0.88, respectively) were significantly (P < 0.001) higher compared to breeding housings for eggs and meat (0.75 and 0.52, respectively) in the univariable model. As the Spearman's correlation coefficient for "production type" and "husbandry system" was >0.6, only the bestfitting variable (husbandry system) was added to the multivariable model.
DISCUSSION
The current study evaluated the association between different C&D parameters and the hygienogram score of poultry houses in Flanders, attempting to highlight important aspects of C&D protocols and associations thereof.
In Flanders, hygienograms became legally obliged in 1998, but sampling frequencies may differ, as the hygienogram legislation for the different production types was changed in 2013. However, over 90% of the Belgian broiler companies are members of a quality system (e.g., Belplume or IKB) still imposing the routine hygienogram with ACP on regular occasions.
A good C&D protocol at poultry houses consists of 6 consecutive steps: dry cleaning (removal of manure and feed), washing with water (soaking), soaping with a cleaning product, rinsing, drying, and disinfection (Luyckx et al., 2015b) . Besides an adequate performance of the different steps, other factors influencing the efficacy of disinfectants (e.g., concentration, temperature, interfering substances, type of antimicrobial agent, etc.) are likely to have an important effect on the hygienogram score.
As a first factor, the importance of the use of a cleaning product was confirmed by our data. Remarkably, a cleaning product was used by only 52% of the sampled poultry houses (entire dataset). Nevertheless, an increasing use was found, from 34% in 2007 to 65% in 2014. This also may be a main reason for the decreasing mean hygienogram score over the years. In our research group, the importance of a good cleaning was recently reported by Luyckx et al. (2015a) , showing a greater reduction of TAC by cleaning than by disinfection. In addition, remaining organic matter also reduces the efficacy of the disinfectant (Gradel et al., 2004; Thomson et al., 2007; McLaren et al., 2011) .
As a second factor, the importance of the use of a disinfection product was confirmed. The main component F is still widely used, although it is legally forbidden due to its carcinogenic character (www.biocide.be). It is an extremely reactive chemical (Mcdonnell and Russell, 1999) and considered a high antimicrobial effective disinfectant, even in the presence of organic matter (Gradel et al., 2004; Mc. Laren et al., 2011) . In our study, the lowest hygienogram scores were obtained when disinfected either with F or with PA-H 2 O 2 -containing disinfectants. These results of the former are consistent with a previous field study of Carrique-Mas et al. (2009) in which the best results were achieved for eliminating Salmonella in egg laying houses using 10% F. A possible explanation for the low hygienogram score obtained after disinfection with a PA-H 2 O 2 disinfectant or F might be the sporicidal character of both disinfectants (Mcdonnell and Russell, 1999; Russell, 2004) , which could affect spores and prevent their germination. The efficacy of PA-H 2 O 2 -containing farm disinfectants also was mentioned in a report by Reus et al. (2008) . On the other hand, Mueller-Doblies et al. (2010) showed a low efficacy of a PA-H 2 O 2 -based disinfectant, although this study attempted to eliminate Salmonella in turkey houses. PA does not decompose in the presence of peroxidases (Russell, 2004) and remains active in the presence of organic loads (Mcdonnell and Russell, 1999) , while H 2 O 2 is unstable, decomposing rapidly into water and oxygen. In practice, PA-H 2 O 2 disinfectants are user friendly and attractive due to their low price. However, their limited shelf life should be taken into account. Another type of disinfectant is C, which is widely used for water disinfection. Our results showed that C-based disinfectants have a limited effect on the hygienogram score compared to the other components, which is consistent with a previous study in which chlorine dioxide appeared to be less effective against food related bacteria (Taylor et al., 1999) . In the Flemish poultry industry, the most commonly used main components were QAC-GA-based disinfectants. GA is often used in combination with QAC. Addition of QAC has an alkalinizing effect, which ameliorates the microbiocidal activity of GA, although GA is more stable at acidic pH (Maris, 1995) . Such combined disinfectants are occasionally mixed with a small fraction of F. Hygienogram results showed that an additional fraction of F to a QAC-GA combined disinfectant appears to have a positive impact on the hygienogram score. Still, slightly better results were obtained with PA-H 2 O 2 disinfectants . However, in a field study in turkey houses-albeit to eliminate Salmonella contamination-it was shown that a mixture of F, GA, and QAC performed significantly better than PA-H 2 O 2 containing products (Mueller-Doblies et al., 2010) . Similar results were found in an in vitro disinfection test with Salmonella using poultry house materials spiked with organic matter. The efficacy of the F solution was highest, followed by first a mixture of GA and QAC and second by a peroxygen compound (Gradel et al., 2004) . The interaction main components * cleaning product indicates there is no difference in the activity of the different disinfectant products when disinfection has been preceded by cleaning with or without a cleaning product, except for QAC-F-GA combined disinfectants.
As a third factor, the usage of 2 or more disinfection products affected the hygienogram score positively, suggesting the importance of the disinfection. Nevertheless, we do not know if these products were used together or in separate disinfection steps.
As a fourth factor, disinfection temperature was identified to be important. It is known that each disinfectant has an optimum temperature, especially GA (Taylor et al., 1999; Russell, 2004) . In our study, the efficacy of disinfectants increased with higher temperatures. Yet, between any 2 production rounds and thus during C&D, temperatures are often decreasing, in particular during winter. This explains the higher hygienogram scores found during colder periods (i.e., winter and spring). To overcome this problem, or to optimize the temperature effect, heating the stable before disinfection might be considered. In addition, the hygienogram score was impacted similarly by disinfection temperature for disinfectants with F and QAC-GA or combinations thereof, as indicated by the interaction disinfection temperature * main component.
As a fifth factor, the minimum contact time needed to attain an acceptable reduction in TAC is also disinfectant specific. Oxidizing disinfectants have a rapid reaction time. Our results showed a positive effect of postponed ventilation after disinfection.
As a sixth factor, the production type also affects the hygienogram score. Big differences between rearing and productive poultry indicate that C&D in general is better implemented in breeding and rearing houses. This may be caused by the awareness of the importance of hygiene, as breeding and rearing houses play an important role in the safety and quality of the downstream poultry production chain. Also, financial consequences of a sanitary slaughter when zoonotic Salmonella-positive flocks in breeding poultry occur could be a motive of the farmer to disinfect more properly. However, in the study of Mueller-Doblies et al. (2010) , no significant differences were found in the levels of residual contamination among breeding, rearing, and finishing houses of turkey.
As a seventh factor, the types of husbandry systems showed remarkable differences, with the barn and aviary system having a significantly better score than floor house, furnished cage, and battery. As battery cages were banned in 2012 and replaced by furnished cages, the (re)construction of new furnished cages or new poultry farm buildings could generate a clean environment, leading to an improved hygienogram score. In addition, our results showed that the husbandry system is strongly correlated with the production type. Laying hens are generally housed in battery or furnished cages, or aviaries, breeding and rearing poultry in barn systems, and broilers in floor houses. These latter findings may explain the low hygienogram scores of barn/aviary systems.
As an eighth factor, the contractor also affected the effectiveness of C&D. In general, a specialist contractor disposes of better equipment than the farmer to disinfect the stable. In our study, a significantly higher score was obtained when C&D was performed by the farmer instead of a standard well-tested C&D protocol conducted by a specialist contractor, which is in agreement with a study-albeit in pig stables-of Vangroenweghe et al. (2009) .
Combining both previous factors, also the type of husbandry system in which the contractor or farmer is disinfecting seemed to have an impact on the hygienogram score. More specifically, hygienogram scores were significantly lower in floor houses when the disinfection was applied by a specialist contractor, while in other types of husbandry systems, no differences were found between both options.
Finally, results showed higher hygienogram scores for samples taken by DGZ compared to those taken by the veterinarian.
Significant associations were found in the univariable and multivariable regression models, yet the total variation explained (R 2 = 0.09) is relatively small, indicating that there are likely many other non-measured variables influencing the hygienogram score. These might be related to the successive steps and adequate performance of a C&D protocol (e.g., removal of organic matter, [overnight] soaking with water, disinfectant concentration, disinfection method, etc.) or factors related to the housing (age of the building, quality of the surface, etc.). To our knowledge, the most important factors to improve the hygienogram score are the implementation of the recommended disinfectant concentration and the cleanliness of the different surfaces of the poultry house before disinfection.
In conclusion, this study demonstrates a significant association among 9 parameters of C&D and the hygienic status of the poultry house. The use of a PAand H 2 O 2 -based disinfectant had the strongest beneficial impact on the hygienogram score, emphasizing the type of disinfectant product used for C&D. Furthermore, other C&D parameters, e.g., the use of a cleaning product, a higher disinfection temperature, prolonged ventilation, and disinfection by a specialist contractor, also have a significant beneficial effect on the hygienogram score. All these factors could lead to an improved C&D, resulting in a better hygienogram score, which may be the basis to reduce the persistence of pathogens in Flemish poultry houses, as well as poultry houses in general.
